ABSTRACT
INTRODUCTION
The domination of a complex stochastic behaviour of port processes, particularly in transhipment of cargo, is a typical feature of the traffic role of the port system. The complexity of factors and the dynamism of transhipment processes require a complex system approach to defining the system of handling cargo operations in ports. Modern scientific and technological development has resulted in valuable methods and solutions which can be applied to the issues related to the management of cargo handling systems.
The very development of the system-dynamic simulation model for port transhipment processes has followed the development of the qualitative and quantitative models, i. e. the global simulation model for the port transhipment process, which the authors have presented in a number of publications and international scientific conferences [7] [8] [9] [10] , as well as in the doctoral dissertation of one of the authors [1] .
Simulated scenarios assume various unplanned events that are supposed to have cause-effect impacts on the expected change of behaviour dynamics of the observed port system.
The basic model is presented by a structural model in Figure 1 .
The mental-verbal model of the Port-Transshipment System: Fundamentally, unloading of any kind of cargo can be divided into: -ship arrival to the berthing position, -unloading cargo from ship to shore, -transport of cargo from the shore to the wagons, trucks and warehouses. Unloading/loading of cargo in the port is a complex dynamics process with two subsystems: -unloading/loading of cargo in the port, -surrounding environment.
DESCRIPTION OF THE OBSERVED SIMULATION PROCESSES
The first scenario of the developed simulation model represents a scenario of the cargo discharge process, which is a realistic result of the continuous dynamic behaviour of the observed cargo flow over a period of time. By using historic data, i. e. data from the first scenario, it is possible to examine the validity of the set cause-effect relations and feed-back loops. The validity of the achieved expected behaviour results indicates that it is possible to apply the same model to various scenarios. In this way we have the possibility of designing quality forecasts for likely future situations, based on the condition changes and present state of the variables of the cargo discharge process [20, pp. 47-54 ].
First scenario
The first scenario has defined limiting conditions which are to be taken into account in order to achieve an uninterrupted discharge process, which is essential for achieving the minimum turn-round time.
The following limiting conditions have been defined: -Overall tonnage of the ship's cargo to be discharged: 19,111m/t; 1 -Availability of coach capacity amounts to 1000 tons every 24 hours; -Availability of truck capacity amounts to 800 tons every 24 hours; -Available port storage space, capable to receive the ship's cargo, amounts to 45,000 tons; -Number of port cranes is 2; -Single crane efficiency amounts to 50t/h; -Number of forklifts is 2; -Single forklift efficiency amounts to 50t/h; -Number of tractor trailers for transporting cargo from the quay to the warehouse is 2; -Single capacity of the port transhipment facility amounts to 50 tons. When the ship is made fast to the berth/quay, the discharge operation can be started, provided that both the ship and the port are ready to start the discharge operation, and that all onboard administration procedures have been completed by the port authorities. The cargo is discharged onto the quay by means of two shore cranes whose combined efficiency amounts to 100t/h.
The cargo is then loaded by two forklifts having the overall efficiency of 100t/h into the awaiting train of coaches of 1000 tons capacity, reserved 24 hours in advance. The coaches leave when they are loaded, and the loading resumes into the previously reserved trucks of 800 tons capacity. The cargo is loaded by the two forklifts that were used for loading the coaches. The trucks leave when they are loaded. At the moment when there are neither coaches nor trucks on the quay, the discharging operation does not stop; the forklifts load tractor trailers which transport the cargo to be temporarily stored in the port warehouse. The new stage of discharging operation starts with the arrival of a new train of coaches (reserved 24 hours in advance) and trucks (reserved 24 hours in advance). When they are loaded and gone, the cargo is stored in the warehouse. When the entire cargo is discharged from the ship and shipped out of the port, the remaining cargo is discharged from the port warehouse into coaches and trucks, until the warehouse is empty.
In normal port discharge processes, the port planner/manager has enough time to plan and book necessary facilities: cranes, forklifts, coaches, trucks and, if and when needed, storage space in the warehouses. The problems arise in the event of unplanned occurrences such as delays of transportation means, lack of available coaches or trucks, or perhaps, in the event 332 Promet of shortage of storage space, failure of a crane, malfunction of forklifts, and the like. This scenario actually represents a realised behaviour case of a transhipment system which has been handled until now by the manual intuitive logic of an experienced port manager. The intelligent logic of a planner/manager has been based on his long years' experience in managing port transhipment processes. Particular issues that port managers tackle include the optimal way of planning and optimising the necessary transporting facilities ashore, as well as ensuring temporarily available storage space in warehouses. The basic goal of any port planner/manager, and other participants who present links in the cargo transhipment chain, is "to ensure continuous process of transporting cargo from the ship to the quay in order to load the entire cargo into previously reserved coaches and trucks, storing it temporarily in the port warehouse if necessary, and ship the cargo to the client as soon as possible." In order to carry out the optimal planning of the usage of a berth/landing place, it is necessary to foresee the total time of the berth's occupation, which will allow the port planner/manager to foresee the time of berthing, i. e. the starting transhipment time of the next ship, and to plan necessary transport and storage facilities in order to avoid any interruption during the discharge of the ship.
The total time of the berth's occupation can be presented by the following equation:
T uvzv = T var + T vib + T vpob + T vni [hours] (
where:
T uvzv -total time of the berth's occupation;
T var -time required for completing administration procedures upon the ship's arrival to the berth;
T vib -time needed for discharging the ship;
T vpob -time needed for preparations for leaving the berth;
T vni -time when there are no discharging operations (only the first and second shift working, holidays, etc.).
Second scenario
This scenario contains the same limiting conditions as the first scenario, except for the following conditions:
-there are 38,366.70m/t of cargo to be discharged from the ship;
-5000 tons of cargo can be stored at the warehouse.
Results of the computer simulation

Results of the first scenario
According to the first scenario, the priorities in the process of discharging cargo from the ship and loading cargo into transport facilities ashore are given firstly to the coaches, then to the trucks, and eventually to the warehouse if there are no coaches and trucks available. The simulation has been carried out and the following results in tabular and graphic form have been obtained. Table 1 displays the results of the first simulation scenario over a two-day period. It makes it possible to follow numeric values of the amount of cargo which are obtained over the observed period. In this way the performance in the given standardised environment can be controlled. Upon ship's arrival to the berth, the ship's documents regarding the discharge of 19,111m/t of cargo were processed by the port authorities, all discharge facilities were ready, and the discharging operation started. During the second time unit (TIME=2) 2 100 tons of cargo were discharged onto the quay.
During the first time unit (TIME=1), given the overall capacity/efficiency of two shore cranes and forklifts capable to handle 100t/h, the starting 100 tons of cargo were loaded into the coaches. After 13 time units (TIME=13), 1000 tons were discharged and shipped by the first train of coaches, leaving 18,011 tons on board. Meanwhile, the loading into trucks of 800 tons capacity began at the 14 th time unit (TIME=14). At the 21 st time unit (TIME=21) the loaded trucks left, leaving 17,211 tons on board. At the 22 nd time unit (TIME=22), given the fact that there were no coaches or trucks available, workers started transporting the cargo into the port warehouse in order to avoid the interruption of discharging the ship. By the 25 th time unit (TIME=25), 300 tons were stored in the warehouse. A new train of coaches of 1000 tons capacity arrived at the 25 th time unit and the loading started. After being loaded, the coaches left the port. Loading resumed at the 35 th time unit (TIME=35) upon the arrival of trucks of 800 tons capacity.
Due to the lack of coaches and trucks, from the 43 rd time unit (TIME=43) until the 48 th time unit (TIME=48), another 600 tons of cargo were transported to the warehouse, and the total of cargo stored there amounted to 900t. At that moment 14,611 tons remained onboard ship, waiting to be discharged.
From the 49 th time unit (TIME=49) to the 58 th time unit (TIME=58) the cargo was loaded into a new train of coaches of 1000 tons capacity. Then the coaches left and the operation resumed by loading the trucks of 800 tons capacity until the 66 th time unit (TIME=66). After that, due to the lack of coaches and trucks, the cargo was transported into the warehouse until the 72 nd time unit (TIME=72). At that point, the cargo stored at the warehouse totalled 1500 tons and there were still 12,211 tons of cargo waiting to be discharged from the ship. The cycle was repeated and at the 114 th time unit (TIME=114) there were 8011 tons on board. The cargo was transported to the warehouse, totalling 2700 tons at that point of time, leaving 7411 tons onboard ship.
From the 121 st time unit (TIME=121) until the 138 th time unit (TIME=138), the coaches and trucks were loaded again. At the 138 th time unit (TIME=138) there were 5611 tons of cargo onboard ship, and the workers started again to transport the cargo into the warehouse. The total of cargo stored at the warehouse amounted to 3300t. At the 144 th time unit (TIME=144), 5011 tons remained onboard ship. Following the once established dynamics, trains of coaches and trucks having the capacity of 1000 and 800 tons respectively, kept coming and the discharge of the ship was completed at the 194 th time unit (TIME=194). The total of 8000 tons was shipped by coaches and 6400 tons were shipped by trucks.
At the 194 th time unit (TIME=194) there were 4500 tons of cargo at the warehouse. At the 195 th time unit (TIME=195), workers started discharging the cargo from the warehouse, first into trucks, then into coaches. This lasted until the 210 th time unit (TIME=210), when the discharge was interrupted by the lack of coaches and trucks.
At that moment there were 2911 tons of cargo at the warehouse. The cycle of availability of coaches and trucks, having the capacity of 1000 and 800 tons respectively, was repeated according to the already established schedule of booking these capacities 24 hours in advance. The schedule of the cycle resulted in completing the discharge of the warehouse at the 253 rd time unit (TIME=253). By that time 3000 tons were conveyed by coaches, whereas 1711 tons were conveyed by trucks. The total time of discharging the warehouse consists of the time needed to load the cargo into coaches and trucks, and the time when there were no loading operations due to the lack of coaches and trucks. The total time of discharging the warehouse can be presented as follows:
T ups = T evp + T uvn [hours] where:
T ups -total time of discharging the warehouse; T evp -effective time of discharging the warehouse; T uvn -total time when the warehouse was not being discharged. Using this first simulation model, it is possible to discharge the ship, in accordance with the given conditions, without interruptions during discharging.
Results of the second scenario
The discharge of the ship's cargo started by loading 1800 tons into coaches and trucks until the 19 th time unit (TIME=19). Due to the lack of coaches and trucks, 1800 tons of cargo were stored at the warehouse from the 20 th time unit (TIME=20) to the 37 th time unit. A new cycle of loading coaches and trucks started at the 38 th time unit (TIME=38) and ended at the 55 th time unit (TIME=55). At the 56 th time unit (TIME=56), the cycle of loading the warehouse was repeated.
The warehouse was completely loaded with 5000 tons of cargo at the 104 th time unit (TIME=104). At that moment there were still 27,966.70 tons onboard ship and an interruption of the discharge took place.
Upon the arrival of new coaches and trucks, the workers started discharging the warehouse, loading cargo into coaches, then into trucks. At the same time, the now available storage space at the warehouse was loaded with the ship's cargo, which means that the interruption of discharging was just temporary. Discharging the ship and loading the warehouse were carried out in cycles, with temporary interruptions.
At the 122 nd time unit (TIME=122) 100 tons of cargo were discharged from the warehouse and loaded into coaches, then the ship's cargo was loaded into the remaining coaches and the newly arrived trucks. These cycles took place according to the established dynamics of the arrival of coaches and trucks, with the periodic loading of the warehouse to the maximum amount of 5000t, and temporary interruptions of the discharge of the ship.
The ship was entirely unloaded at the 384 th time unit (TIME=384). At that point of time there were 4900 tons in the warehouse. At the 402 nd time unit (TIME=402), workers started discharging the warehouse which was completely unloaded at the 449 th time unit (TIME=449).
The effective time needed for discharging the ship and the warehouse should be increased by the time of interruptions during the discharge of the ship and the warehouse, when new trains of coaches and trucks were awaited.
CONTRIBUTION TO THE DEVELOPMENT OF A SIMULATION MODEL FOR A SEAPORT IN SPECIFIC OPERATING CONDITIONS
In accordance with the obtained results, it is possible to apply various tonnages, types of cargo, cranes, trucks, coaches, forklifts, and storage space. It is particularly interesting to study the port manager's program module for the same cargo, but for different tonnage. It is possible to combine the number of shore cranes and ship derricks, and their capacities, with the arrival pace of coaches and trucks, as well as with the availability of forklifts and storage space. Using the zero scenario we have examined the basic scenario, whose results have confirmed the expected behaviour dynamics of the continuous discharge of cargo. Other scenarios have confirmed the same expected behaviours. Given the fact that the behaviour dynamics of all scenarios for this discharge model has been confirmed, it is rightfully believed that the application of such a model/planner is entirely justified when simulating the discharge of any type of ship. In addition to the scenarios presented in this paper, it is recommended that the practice includes additional analogue possible scenarios that are likely to appeal to the port manager. In other words, it is possible to apply this planner to examine the behaviour dynamics of entirely different cases of transhipment. Of course, this requires a suitable adaptation of the basic model.
The model provides an interesting possibility to examine the situation when cargo must be discharged from the ship and there are no storage and transport facilities ashore, whereas there is a possibility to unload cargo on the very quay along the ship, provided that the discharged cargo will not hinder any further handling when it is to be handled by forklifts and loaded into coaches and trucks, or conveyed into a suitable warehouse by means of tractor trailers or forklifts, and provided that the internal port communication is not obstructed. The simulation is particularly interesting for ports which do not feature large number of berths for the accommodation of certain types of ships and cargoes. It is also possible to apply the model to a number of berths in the way that the port planners apply several independent versions of the same model for a number of berths.
The model has been verified through the example of the Port of Šibenik, when 32,250.00m/t of ground crude phosphate were discharged from the ship Pakrac into the warehouse, then loaded and shipped by coaches, from 2 nd of September until 10 th September 2005. The text that follows provides a description of all the verified elements of the observed system. The results of the research conducted in the Port of Šibenik, as well as the comparison with the obtained model results, are given in a tabular form.
Port of Šibenik
The port of Šibenik is situated in the middle part of the Adriatic Sea, at the mouth of the Krka River. It is a natural harbour, well protected from the waves. The port is approached through St. Ante Channel that allows the passage for ships up to 50,000 dwt. The port is linked with the hinterland by Šibenik -Knin railways which cotinues towards Zagreb, linking the port with the European railway system. The port is linked to Zagreb, Rijeka, Split, and other Croatian and European destinations by the Split -Zagreb motorway and the Adriatic Highway.
Due to the specialisation of the port facilities, the Port of Šibenik has become the major regional port for importing natural phosphates, handling 350,000 to 500,000 tons of cargo annually, covering the needs of chemical fertiliser industries in Kutina (formerly also covering the needs of Serbian industries in Subotica and Šabac), with prospects of handling 2,000,000 tons a year when construction of a modern terminal is completed. The terminal facilities for the transhipment of crude phosphate in the Port of Šibenik include an AB SIWERTELL ship unloader, conveyor belts, warehouses, two transhipment towers, loading station for loading coaches on two rail tracks, automatic weighing platform, and warehouse transhipment machinery with a scraper of 250t/h capacity in the warehouse hall. The terminal is situated at the quay Dobrika ( Figure  4 ), making use of natural conditions and previous construction works, necessary for setting a terminal for discharging crude ground phosphate.
Technical features of the Dobrika terminal: -Length of quay 225m -Depth of sea 10m -Number of berths 1 -Railway tracks 2 x 600m -Ship unloader 400t/h -Capacity of loading into coaches 7000t/day -Maximum tonnage of ship at berth 30,000dwt
The overall terminal warehouse has a capacity of 105,000 tons. It is divided into six sections, five of them being able to store 15,000 tons, and the remaining section storing 30,000 tons of crude phosphate, so that six different types of phosphate can be stored at the same time. The warehouse capacity and all facilities are compatible with the local features, i. e. the filling angle for the representative sample of crude ground phosphate, type Togo 79/81, amounting to 32°. Given the fact that some sorts of phosphates have the filling angle of 34°, the arrangement of the warehouse and the scraper have been adjusted to the 34° angle. Promet 
Description of the m/v Pakrac
The ship Pakrac, owned by the Zadar-based shipping company Tankerska plovidba plc., was built in the IHI shipyard, Yokohama (Japan) in 1978, for carrying dry bulk cargo.
The 
VALIDATION OF THE SIMULATION MODEL FOR DISCHARGING THE SHIP AND LOADING THE COACHES IN THE PORT OF ŠIBENIK
According to the Bill of Lading, the ship Pakrac loaded 32,250m/t of crude phosphate in the port of Casablanca, Morocco for Petrokemija plc. -Kutina, Croatia. On 2 nd of September 2005, the ship docked at the berth Dobrika in the Port of Šibenik, handing over the Notice of Readiness and the Unloading Plan to the receivers. When the port authorities (customs, police, and the agent) completed all the procedures, the ship was granted Free Pratique and the second shift, starting working at 15,00 (3p. m.) started unloading the cargo. Referring to the Unloading Plan and the Notice of Readiness, the company Šibenik Ltd. started discharging the ship's hold N°3 by means of a ship unloader.
Meanwhile, the workers started loading coaches with phosphate that had remained in the port warehouse (1000 tons) after the previous discharge of the ship. According to the contract between Luka Šibenik Ltd. and Petrokemija Plc. -Kutina, it was stipulated that a substantial portion of the phosphate cargo meant for Petrokemija plc. be temporarily stored at the port warehouse. As the company's own warehouse in Kutina did not have enough capacity, the cargo was loaded into coaches and shipped to the factory occasionally, according to the Petrokemija's technological needs, so that there were always certain amounts of old supplies at the port warehouse in Šibenik.
On the first day (2 nd of September), during the second and third shifts, 3671.57 tons were discharged from the ship and loaded into the warehouse. Meanwhile, during the second shift, 1868.00 tons of phosphate were loaded into 35 coaches.
On the second day, during the first, second, and third shifts, 8837.66 tons were discharged from the ship. During the first and second shifts 2990.60 tons were loaded into 58 coaches. By the end of the third shift there were 3979.06 tons of cargo at the warehouse.
On the third day of discharge, during the three shifts, 3816.75 tons were discharged, whereas 3364.20 tons were loaded into 63 coaches. By the end of the third shift the cargo in the warehouse amounted to 6069.61 tons.
On the fourth day, discharging was interrupted by rain from 14,30 to 18,50 -4580.70 tons were discharged. During the first and the second shift 2611.10 tons were loaded into 49 coaches. Meanwhile, by the end of the third shift, there were 8039.21 tons in the warehouse.
On the fifth day, during the three shifts, 4685.91 tons of cargo were discharged from the ship, and the first and second shift workers loaded 961.90 tons into 18 coaches. There were 13,212.31 tons of cargo in the warehouse.
On the sixth day, during the first and second shifts, 2035.89 tons were discharged from the ship, and 586.80 tons were loaded into 11 coaches during the second shift. At the end of the second shift, there was the same quantity of cargo in the warehouse as it was on the fifth day of discharge, i. e. 13,212.31 tons, due to the failure of the unloader, so that the third shift did not work.
On the seventh day, the first and second shifts did not work because of the failure of the unloader. During the third shift 1098.59 tons of cargo were discharged but the coaches were not loaded.
On the eighth day, 4074.21 tons were discharged from the ship, whereas 1388.00 tons were loaded into 26 coaches during the first and the second shifts. By the end of the third shift the cargo in the warehouse amounted to 16,997.11 tons of phosphate.
On the last day of discharge (10 th September), according to the Unloading Plan, the remaining cargo from the ship's holds was discharged and a total of 1482.29 tons of cargo was transported into the port warehouse. The loading of cargo into coaches was suspended as there were no demands from Petrokemija plc.
The Confirmation of discharge was issued to certify that the entire cargo was discharged from the ship.
The List of loaded coaches by shifts and the Train cargo list certified that a total of 13,770.60 tons were shipped by means of coaches to Petrokemija plc. in Kutina, whereas the remaining 19,479.40 tons of cargo were stored at the port warehouse, awaiting further shipments, according to the needs of Petrokemija plc.
Before examining the validity of the results, it is important to point out that the development of the en-tire model has been based on the literature describing port system models that have been confirmed by experience. These models created the groundwork for the first modelling stage, i. e. the groundwork for the mental-verbal modelling. Owing to the insights into cause--effect activities, additional variables were determined, which, eventually, enabled the development of the mathematical-computer model that has been used in the presented scenarios. Therefore, one can assert that the conceptual model has been entirely harmonised with the requirements of the maritime science and profession, as well as the system dynamics, which allows for creating various likely scenarios.
Proving the validity of the developed model is based on the comparison of the results obtained by the simulation with the real results that were obtained by measuring, for each case separately. Introduction of this comparison into concrete practical cases would allow a dynamic observation of each port transhipment process under so-called unpredictable operating conditions that include failure of a crane, delay of trucks or trains, as well as extreme conditions resulting in a complete interruption of discharging the ship. Based on the results of sampling and the real results obtained in the model, displayed by graphs 5 and 6, whose values as well as control points of loading coaches by shifts have turned out to be correct, it was proven that the model is valid and confirmed that the model has been behaving exactly according to the foreseen scenarios, which have been carried out and documented in practice, and which are presented in Table 2 and in the developed model of the initial and final state of discharging the ship Pakrac.
The results of the model are displayed in the graph whose correct values, as well as control points after shifts, can be read from the Table "Results of the validation of the simulation model for discharging the ship Pakrac, loading coaches, and the warehouse status".
In this way the validation of the developed model for the Port of Šibenik on the occasion of discharging the ship Pakrac has been carried out. The actual behaviour dynamics of the model is very close to the likely behaviour in the real discharging process.
CONCLUSION
The management of a port transhipment system as a logistic function constantly tackles a number of complex issues, including the crucial ones such as the optimal choice of the transport technology and the optimisation of the exploitation of the means of transport. In theory, as well as in practice, there are numerous models for addressing these and similar issues.
The results presented in this paper are supposed to serve the basic objective: to contribute to the creation and development of the scientific-technical groundworks aiming at ensuring the sustainable development of local ports along the desired and planned profit. From the system point of view, the management of ports, in the broadest sense of the word, defines spatial and time merger of all relevant resources, needs and measures that have been used in an optimal way and enhanced by ports. The implementation of global, regional, and local objectives and priorities into the streams of management means steering the decision--making process towards the usage of modern scientific achievements and new technologies. When talking about new technologies, we primarily refer to the so-called system (management) scientific methods and tools which are based on, or are strongly related to, computer and information technologies.
This paper presents a system-dynamic simulation model for transhipment processes, compared with an empirical research conducted under real conditions. The practical application of this type of planning the necessary transport and discharge facilities allows a partial multiple professional behaviour of this model: apart from taking into consideration a number of limiting parameters, it changes decisions in a logical (intelligent) way and makes new ones during the discharge process, strictly taking care that no interruption takes place once the discharge is started.
Having examined this methodology in the Port of Šibenik, during the discharge of the ship Pakrac and the loading of coaches and the warehouse, it has been proved that this research methodology is very efficient in everyday practice. In other words, this scientific-research simulation method entirely justifies both the theoretical and practical application of the model to 
